Although the JAK/STAT pathway regulates numerous processes in vertebrates and invertebrates through modulating transcription, its functionally relevant transcriptional targets remain largely unknown. With one jak and one stat (stat92E), Drosophila provides a powerful system for finding new JAK/STAT target genes. Genome-wide expression profiling on eye discs in which Stat92E is hyperactivated, revealed 584 differentially regulated genes, including known targets domeless, socs36E, and wingless. Other differentially regulated genes (chinmo, lama, Mo25, Imp-L2, Serrate, Delta) were validated and may represent new Stat92E targets. Genetic experiments revealed that Stat92E cell-autonomously represses Serrate, which encodes a Notch ligand. Loss of Stat92E led to de-repression of Serrate in the dorsal eye, resulting in ectopic Notch signaling and aberrant eye growth there. Thus, our micro-array documents a new Stat92E target gene and a previously unidentified inhibitory action of Stat92E on Notch signaling. These data suggest that this study will be a useful resource for the identification of additional Stat92E targets.
INTRODUCTION
During development, extracellular cues activate conserved signal transduction pathways, which trigger changes in gene expression and ultimately lead to pleiotropic effects, including growth and differentiation. Frequently dysregulation of these pathways leads to human diseases like cancer. One such pathway, Janus kinase/signal transducer and activator of transcription (JAK/STAT) was first identified as a key regulator of interferon and cytokine signaling in mammals Shuai et al., 1992 Shuai et al., , 1994 Velazquez et al., 1992; Watling et al., 1993) . These studies showed that JAKs are an unusual class of tyrosine kinases that are activated by IFN binding to its receptor. STATs are a unique family of latent cytoplasmic transcription factors that are recruited to phosphorylated IFN receptors and are then activated by JAKs. STAT dimers transit to the nucleus to modulate target gene transcription (Bach et al., 1997; Darnell, 1997) .
Gene ablation experiments revealed that the four jak and seven stat genes regulate numerous processes in mammals, including growth and immunity (Russell et al., 1995; Thomis et al., 1995; Takeda et al., 1997; Parganas et al., 1998; Teglund et al., 1998; Metcalf et al., 2000; Laron, 2002) . Other studies subsequently showed that sustained activation of the JAK/STAT pathway is a causal event in human leukemia and myeloproliferative disorders and that persistent activation of Stat3 is associated with a dozen other types of human cancer, including all classes of carcinoma (Lacronique et al., 1997; Baxter et al., 2005; Darnell, 2005; James et al., 2005; Levine et al., 2005; Jones et al., 2009; Kilpivaara et al., 2009; Olcaydu et al., 2009 ). Moreover, a dominantactive form of Stat3 called Stat3-c is oncogenic, transforms fibroblasts, and causes tumors in nude mice (Bromberg et al., 1999) . Inhibition of Stat3 function by siRNA knockdown or by small molecules arrests the growth of primary human cancer cells, which makes Stat3 an attractive target for cancer therapy (Blaskovich et al., 2003; Chiarle et al., 2005; Song et al., 2005; Sun et al., 2005) . However, the functionally relevant transcriptional targets of this pathway remain largely unidentified.
Drosophila serves as an excellent model for studying this pathway as it has a single jak and a single stat gene (Zeidler et al., 2000) . In Drosophila, three related cytokines, Unpaired (Upd), Upd2 and Upd3, activate the receptor Domeless (Dome), which leads to the activation of the JAK called Hopscotch (Hop) and the STAT called Stat92E. Activated Stat92E induces expression of target genes dome and socs36E, the latter of which encodes a negative regulator (see Fig.  1E ; Binari and Perrimon, 1994; Hou et al., 1996; Yan et al., 1996; Harrison et al., 1998; Sefton et al., 2000; Brown et al., 2001; Callus and Mathey-Prevot, 2002; Chen et al., 2002; Ghiglione et al., 2002; Karsten et al., 2002; Agaisse et al., 2003; Bach et al., 2003; Rawlings et al., 2004; Gilbert et al., 2005; Hombria et al., 2005) . Work from numerous labs has shown that this pathway plays important roles in many aspects of Drosophila development, including growth and immunity (reviewed in . Importantly, two gain-of-function hop mutations were the first to link the JAK/STAT pathway to hyperproliferation and cancer. These hop alleles result in hyperactive kinases and lead to a profound overproliferation of blood cells, ultimately causing a fly "leukemia" and subsequent lethality (Harrison et al., 1995; Luo et al., 1995; Luo et al., 1997) .
We and others have previously shown that the JAK/STAT pathway plays important roles in growth and patterning of the Drosophila eye. The adult eye is derived from an epithelial imaginal disc, which arises from an embryonic primordium of ϳ50 progenitor cells (reviewed in Cohen, 1993; Wolff and Ready, 1993; Dominguez and Casares, 2005) . These progenitors undergo exponential rates of growth during the first two of three larval stages or instars. During the third larval instar, this high rate of growth is curbed by signals to differentiate originating from the morphogenetic fur- Immunofluorescence image of a WT (C) or GMR-upd (D) third-instar eye imaginal disc dissected at 110 hr after egg deposition (AED) and stained with phalloidin. In wild-type third-instar eye discs, JAK/STAT signaling is low or not detectable because the ligand Upd stops being synthesized in posterior midline cells at the onset of third instar (Bach et al., 2003 Ekas et al., 2006) . In contrast, in GMR-upd eye discs, Upd is ectopically produced throughout third instar by cells posterior to the morphogenetic furrow. This ectopic Upd diffuses anteriorly and induces activation of the JAK/STAT pathway in undifferentiated anterior cells (D, arrow) . E: The Drosophila JAK/STAT pathway. Upd is a secreted cytokine that activates a transmembrane cytokine receptor Dome, which in turn activates the JAK tyrosine kinase Hop and the STAT transcription factor Stat92E. Activated Stat92E dimers translocate from the cytoplasm to the nucleus, where they induce growth by promoting the transcription of targets, only a few of which like dome and socs36E have been identified. F: Micro-array design and outcome (see also text for details). Biological quintuples of individual eye discs were analyzed by Affymetrix Drosophila 2.0 GeneChip arrays to identify sets of mRNAs significantly modulated between yw and GMR-upd samples. G: The statistical filtering of array data (SAM or t-test) was performed as described in the Experimental Procedures section, and overlap with a set of genes harboring Stat92E binding sites (TFBS) is shown.
row as it moves across the eye disc in the anterior direction. Cells posterior to the furrow begin to differentiate into photoreceptors and their support cells, while cells anterior to it remain undifferentiated. The differentiated eye disc everts in the pupa to become functional in the adult.
In wild-type eye discs, Upd synthesis is restricted to only a few cells at the posterior midline during the first and second larval instar, and its expression is extinguished in early third instar (Bach et al., 2003 Tsai and Sun, 2004; Ekas et al., 2006) . Conversely, in the GMR-upd transgenic line, Upd is broadly misexpressed in the eye disc at later larval stages in cells posterior to the furrow. Although the GMR promoter is active only in posterior eye cells, Upd is a secreted protein that diffuses away from the producing cells and, for reasons that are not completely clear, activates the JAK/STAT pathway only in undifferentiated eye cells located anterior to the morphogenetic furrow ( Fig. 1C,D ; Bach et al., 2003 Bach et al., , 2007 Ekas et al., 2006) . Activated Stat92E in anterior cells results in additional mitoses and increased cellular growth. These additional anterior cells are patterned normally by the furrow, ultimately leading to an adult eye that is 2 times larger than wild-type ( Fig. 1A,B ; Bach et al., 2003) . In contrast, loss of Stat92E activity leads to an adult eye that is both reduced in size and aberrantly patterned. We also previously reported that eye discs with large stat92E clones in the dorsal domain frequently exhibit overgrowths in this region (Ekas et al., 2006) .
Work from numerous labs has established that proliferative growth in the eye disc is continuous from late first instar to late second/early third instar (Dominguez and Casares, 2005) . A well-known proliferative signal in the developing eye disc is provided by the Notch pathway. Although the Notch receptor is ubiquitously expressed in the eye disc, it is activated only at the dorsoventral (D-V) midline by the apposition of Notch ligands Delta (Dl) and Serrate (Ser) expression domains there (Kopczynski et al., 1988; Thomas et al., 1991) . This D-V boundary acts as an organizing center for the growth of the disc (Cho and Choi, 1998; Dominguez and de Celis, 1998; Papayannopoulos et al., 1998) . Numerous genes are thought to act sequentially in early larval development to establish this localized Notch signaling (see Fig. 6J ). During second instar, Wingless (Wg) and Hedgehog (Hh) are dorsally restricted and activate expression of the Iroquois complex (Iro-C) genes in the dorsal half of the eye disc (Rijsewijk et al., 1987; Lee et al., 1992; Cavodeassi et al., 1999) . Iro-C gene products act redundantly to repress the expression of fringe (fng), which encodes a glycosyltransferase, to the ventral half of the eye primordium (Irvine and Wieschaus, 1994; Cho and Choi, 1998; Dominguez and de Celis, 1998; Cavodeassi et al., 1999; Yang et al., 1999; Haines and Irvine, 2003) . Fng has been shown to potentiate the ability of Dl to activate Notch and to inhibit the ability of Ser to do so in the eye and wing disc, as well as in other tissues (Fleming et al., 1997; Panin et al., 1997; Klein and Arias, 1998; Haines and Irvine, 2003) . It is currently postulated that asymmetric expression of fng, which generates a border of fng-expressing and fng-nonexpressing cells, is one of the most important steps in establishing local Notch activation at the D-V boundary, which results in global eye disc growth (Cho and Choi, 1998; Dominguez and de Celis, 1998; Papayannopoulos et al., 1998) . Once the Notch receptor is activated at the D-V boundary, it stimulates eye growth by induction of its target eyegone (eyg), which encodes a Pax6-like protein (Jun et al., 1998; Jang et al., 2003; Chao et al., 2004; Dominguez et al., 2004) . eyg is expressed in a wedge along D-V boundary from second instar; this expression pattern depends upon Notch receptor activity and is required downstream of Notch for eye growth (Chao et al., 2004; Dominguez et al., 2004) . Consistent with this model of Notch activation, eyg is only ectopically expressed in clones overexpressing Dl that reside in the ventral domain of the eye disc, where fng is normally expressed. Conversely, eyg expression is only induced by Sermisexpressing clones that reside in the dorsal region of the eye disc, where fng is normally not expressed (see Fig. 1j -m in Dominguez et al., 2004, for examples) .
In the past few years, work from several laboratories has shown that Notch regulates growth of the eye disc, at least in part through cell-autonomous of induction of the upd gene, most likely directly by means of Eyg (see Fig. 6I ,J; Chao et al., 2004; Dominguez et al., 2004; ReynoldsKenneally and Mlodzik, 2005) . The critical role of JAK/STAT pathway signaling in growth of the eye disc is highlighted by the fact that upd expression and Stat92E activity are highest from first to early third larval instar, the proliferative growth phase of the eye disc (Dominguez and Casares, 2005; Ekas et al., 2006; Bach et al., 2007 (Read et al., 2004) . Mammalian STAT binding elements share a similar overall sequence of TT(N 5 )AA (Seidel et al., 1995) . Studies of in vitro selection of oligonucleotides bound to Stat92E revealed that it binds to a consensus sequence similar to the mammalian one: TTC(N) 3 GAA (Yan et al., 1996) . Stat92E can function as a transcriptional coactivator and induce expression of several in vivo and in vitro reporters (Baeg et al., 2005; Gilbert et al., 2005; Muller et al., 2005; Tsai et al., 2007) . However, only a handful of Stat92E target genes are currently known. dome, socs36E, even-skipped (eve) stripe 3 enhancer, D-eIF1A, Turandot A, thiolester-containing protein 1-4 (tep 1-4), ptp61F, apontic, and potentially c-raf appear to be positively regulated by JAK/ STAT signaling (Yan et al., 1996; Kwon et al., 2000; Lagueux et al., 2000; Myrick and Dearolf, 2000; Ghiglione et al., 2002; Karsten et al., 2002; Agaisse et al., 2003; Bach et al., 2003; Baeg et al., 2005; Muller et al., 2005; Starz-Gaiano et al., 2008) . Of these genes, only dome and socs36E have been shown by clonal analysis to be both positively and cell-autonomously regulated by Stat92E (Ghiglione et al., 2002; Bach et al., 2003 Bach et al., , 2007 . Furthermore, only the Stat92E binding sites in eve stripe 3 have been proven by mutational analysis to be critical for Stat92E-dependent transcriptional regulation (Yan et al., 1996) . Stat92E has also been shown to negatively regulate the wg gene in an cell-autonomous manner in the eye, antenna, and leg discs, as well as in the presumptive notum of the wing disc (Ekas et al., 2006; Ayala-Camargo et al., 2007; Tsai et al., 2007) . However, it is not known whether Stat92E can act as a repressor to inhibit wg transcription or whether Stat92E's regulation of wg is indirect, for example by Stat92E inducing a direct target gene that encodes a wg repressor. Taken together, these pioneering studies highlight the need to identify and characterize more target genes that are autonomously regulated by the JAK/STAT pathway, especially those that have roles in growth control.
To identify new JAK/STAT target genes, we performed rigorous genomewide expression profiling using RNA from GMR-upd eye discs, in which the JAK/STAT pathway is hyperactivated, compared with control yw eye discs. This analysis led to the identification of 584 differentially regulated genes, three of which are known targets: socs36E, dome, and wg. We validated in vivo in GMR-upd eye imaginal discs the differential expression of 19 up-regulated genes, including chronologically inappropriate morphogenesis (chinmo), lamina ancestor (lama), Mo25, and pointed (pnt) and 9 downregulated genes, including pannier (pnr), ecdysone-inducible gene L2 (Imp-L2), dachsous (ds), Serrate (Ser), and Delta (Dl). In total, we validated by at least one method 28 differentially regulated genes in this microarray. We then showed that Ser and Dl are ectopically expressed within stat92E loss-of-function clones. Furthermore, we found that Ser is robustly repressed in a cell-autonomous manner by activated Stat92E. Most notably, we determined the functional consequence of Stat92E-mediated repression of Ser: loss of JAK/STAT pathway actvity in clones leads to inappropriate activation of Notch signaling in the dorsal domain of the eye by ectopic expression of Ser there in the absence of Fng. This results in the generation of ectopic growth organizing centers and leads to overgrowth of the dorsal domain of the eye disc. These data have defined a new and unexpected role for the JAK/STAT pathway in regulating growth of the eye disc through restricting Notch activity by repressing Notch ligand expression. Lastly, these data indicate that a negative feedback loop exists between Notch and JAK/STAT pathways in the developing eye.
RESULTS
We previously reported that Upd is expressed by a few cells at the posterior margin of the eye disc beginning in the first larval instar and ending in early third instar (Bach et al., 2003 Ekas et al., 2006) . We took advantage of this temporally and spatially restricted expression pattern to generate the GMR-upd transgenic line, in which Upd is misexpressed throughout third instar by being placed directly under the regulatory elements of the Glass multiple repeat (GMR) promoter (Hay et al., 1994) . We previously reported that GMRupd animals have a dramatically enlarged adult eye ( Fig. 1A,B ; Bach et al., 2003) . As mentioned above, the GMR promoter is active only in posterior eye cells, but the misexpressed Upd diffuses away from the cells that secreted it and activates Stat92E only in undifferentiated eye cells located anterior to the morphogenetic furrow ( Fig. 1C,D ; Bach et al., 2003 Bach et al., , 2007 Ekas et al., 2006) . In early third instar, GMR-upd eye discs are the same size as yw controls (data not shown and Bach et al., 2003) . However, later at ϳ110 hours after egg deposition (AED; i.e., the middle of the third larval instar), GMR-upd eye discs become larger than controls, as a result of Upd overexpression ( Fig. 1C,D ; Bach et al., 2003) . The sensitivity of undifferentiated eye cells to Upd is exemplified by the up-regulation of target genes socs36E and dome only in cells anterior to the furrow, as well as the increased proliferation of these anterior cells in GMR-upd eye discs ( Fig. 2A ,B,D,E; Karsten et al., 2002; Bach et al., 2003 Bach et al., , 2007 . We previously reported that the additional anterior progenitor cells in GMR-upd eye discs differentiate in an appropriate manner and give rise to an enlarged, but normally patterned, adult eye that has substantially increased numbers of ommatidia ( Fig. 1A,B ; Bach et al., 2003) .
To identify Stat92E target genes, we performed a genome-wide microarray analysis using GMR-upd eye discs as compared to controls from identically aged animals. We isolated single larval eye discs from GMR-upd and yw controls at the 110-hr AED time point and performed five independent replicates of both samples (Fig. 1C,D,F ; see the Experimental Procedures section). The micro-array data were normalized using MBEI, and analyzed using two different statistical methods, t-test and SAM ( Fig.  1F ; and the Experimental Procedures section). We identified 584 statistically significant, differentially regulated genes, out of which 495 (or 84%) were identified by both statistical methods, suggesting that the expression values are robust, while 22 and 67, respectively, were identified by either SAM or t-test alone ( Fig. 1G ; Supp. Table S1 , which is available online). For this 584 transcript list, the overall measurement reproducibility and limited variance within each tested genotype and the simultaneous magnitude of differential expression between the two genotypes is summarized by box-plot analysis (Supp. Fig.  S1 ). We compared these 584 genes to the list of those identified in a wholegenome bio-informatics search for clusters of Stat92E binding sites using Target Explorer, the Web-based search engine designed for Drosophila genomes (Supp . Table S2 ; see the Experimental Procedures section; Sosinsky et al., 2003) . Of these genes, 79 (13.5%) had at least one cluster of Stat92E binding sites, increasing the possibility that they could be direct Stat92E targets ( Fig. 1G ; Supp. Table  S2) .
We used the NIH DAVID suite to functionally annotate the lists of differentially modulated genes extracted from our micro-array data (Huang da et al., 2009) . From the 584 differentially regulated genes, this platform was able to identify dome, socs36E, ken and barbie (ken), and Fps oncogene analog (Fps85D) as JAK/STAT pathway components, indicating that this program has a high probability of assigning correct function to the genes in the GMR-upd micro-array (Supp .  Table S3 ; Jiang et al., 2001; Bach et al., 2003; . We also identified many genes involved in the regulation of processes in which the JAK/STAT pathway has well-established roles, including oogenesis, cell migration, embryogenesis, proximal-distal pattern formation, immune response, hemocyte differentiation, and hindgut development (Supp. Table S3 ; Hou et al., 1996; Yan et al., 1996; Silver and Montell, 2001; Baksa et al., 2002; Beccari et al., 2002; Agaisse et al., 2003; Johansen et al., 2003; Ayala-Camargo et al., 2007; Krzemien et al., 2007) . These data suggest that the GMR-upd micro-array accurately identified genes that are differentially regulated by JAK/ STAT signaling. ; socs36E is up-regulated anterior to the MF in GMR-upd discs (B). C: socs36E is increased 2.10-fold in the GMR-upd micro-array. D,E: dome-Gal4, UAS-lacZ (abbreviated dome) expression (blue) in control eye discs (D); dome is up-regulated in cells anterior to the MF in GMR-upd discs (E). F: dome is increased 1.68-fold in the GMR-upd micro-array. G,H: chinmo-RC (labeled chinmo) mRNA, as assessed by in situ hybridization, is absent in control discs (G) and is increased in cells anterior to the MF in GMR-upd discs (H, yellow arrowheads). I: chinmo is increased 4.6-fold in the GMR-upd micro-array. J,K: lama mRNA, as assessed by in situ hybridization, is not present in wild-type discs (J). However, it is up-regulated in cells anterior to the MF in GMRupd discs (K, yellow arrowheads). L: lama is increased 5.44-fold in the GMR-upd micro-array. M,N: Mo25 mRNA, as assessed by in situ hybridization, is present faintly in cells within and immediately surrounding the furrow in wildtype discs (M); in GMR-upd discs Mo25 has a broader expression domain as well as increased expression levels (N, yellow arrowheads). O: Mo25 is increased 4.65-fold in the GMR-upd micro-array. P,Q: pnt mRNA, as assessed by in situ hybridization, is present in cells within the furrow in wild-type discs (P); in GMR-upd discs, pnt is expressed at a significantly higher level in cells within the furrow, as well as at higher levels in cells adjacent to the furrow (Q). R: pnt is increased 4.8-fold in the GMR-upd micro-array. Gray bar is yw and black bar is GMR-upd (C,F,I,L,O,R).
Genes Up-regulated in the GMR-upd Micro-array
A total of 168 (28.8%) of the 584 differentially regulated genes in the GMRupd micro-array were up-regulated (Supp. Table S1 ). The white (w) gene served as an internal control for this study. The GMR-upd transgene contains a copy of the w cDNA and is maintained in a Drosophila stock that is homozygous for a null mutation in the endogenous w gene. Since the control RNA samples were derived from flies that were also homozygous mutant for the w null allele, w mRNA should be up-regulated in GMR-upd eye discs. Indeed, w is increased 6.4-fold in the micro-array and 20-fold by quantitative real-time polymerase chain reaction (Q-PCR; Supp. Table S1 ; Supp. Fig. S2 ). As an additional control, upd was not expected to be up-regulated in this analysis because the GMR-upd transgene contains only the upd coding sequence (and not sequences from the 5Ј and 3Ј untranslated regions (UTRs; Bach et al., 2003) , while the upd Affymetrix probes are designed for the 3Ј UTR of this transcript. Indeed, upd is not a regulated transcript in this micro-array (not shown). Importantly, we found that the expected target genes dome and socs36E are significantly increased 1.68-and 2.10-fold, respectively, in GMR-upd samples versus controls (Supp . Table S1 ; Fig. 2C ,F). We validated these results in vitro and in vivo. Q-PCR revealed that dome was increased 3.3-fold, while socs36E was increased 2.4-fold in GMRupd samples as compared with controls (Supp. Fig. S2 ). More importantly, in GMR-upd eye discs both genes exhibited significantly increased expression in cells anterior to the morphogenetic furrow, the region of this disc where Stat92E transcriptional activity is the highest (compare Fig. 2A to 2B and 2D to 2E; . The fact that our analysis revealed the two best characterized Stat92E targets (dome and socs36E) as up-regulated transcripts further supports the validity of our results. We were also able to demonstrate that four other potential Stat92E target genes are specifically increased in cells anterior to the furrow in GMR-upd eye discs as compared to yw controls: chinmo, lama, Mo25, and pnt. Flybase predicts the chinmo transcription unit to have four splice-variants: chinmo-RA, -RB, -RC, -RD. We found that the -RC isoform is increased 4.6-fold while the -RD variant is increased 2.73-fold as compared to controls ( Fig. 2I ; Supp. Table S1). Q-PCR using primers for a region of chinmo shared by all isoforms revealed that chinmo mRNA is increased 2-fold in GMR-upd samples (Supp. Fig. S2 ). Furthermore, in situ hybridization with chinmo-RC and -RD specific riboprobes showed that both chinmo isoforms are absent in midthird instar yw control eye discs (Fig.  2G , and not shown), while both are strongly up-regulated in cells anterior to the furrow in GMR-upd eye discs (Fig. 2H , yellow arrowheads, and not shown). Target Explorer identified one cluster of Stat92E binding sites in putative regulatory regions of the chinmo gene, raising the possibility that it is directly regulated by Stat92E activity (Supp. Table 2) .
lama is up-regulated 5.44-fold in the GMR-upd micro-array ( Fig. 2L ; Supp. Table S1 ). Consistent with this finding, Q-PCR revealed that it is increased 3-fold in GMR-upd samples (Supp. Fig.  S2 ). lama encodes a Phospholipase B protein that is expressed in neural and glial precursors before differentiation (Perez and Steller, 1996) . In situ hybridization showed that lama is not expressed in control third-instar eye discs (Fig. 2J) . However, it is up-regulated in cells anterior to the furrow in GMR-upd eye discs, particularly at the dorsal and ventral poles (Fig. 2K , yellow arrowheads). Target Explorer identified two clusters of Stat92E binding sites in noncoding, putative regulatory regions of the lama gene, raising the possibility that lama is directly regulated by Stat92E (Supp . Table S2) .
Mo25 was increased 4.65-fold in the GMR-upd micro-array ( Fig. 2O ; Supp. Table S1 ). Although the specific function of Drosophila Mo25 is not currently known, Mo25 family members are widely conserved in eukaryotes, and there is growing evidence that they play important roles in regulating growth and cell polarity in yeast, worms, and humans (Watts et al., 2000; Milburn et al., 2004; Mendoza et al., 2005) . Mo25 mRNA can be detected at low levels in cells surrounding the furrow in yw control eye discs (Fig. 2M ). However, we observed an increase in Mo25 expression in a broader swath of cells surrounding the furrow in GMR-upd eye discs (Fig. 2N, yellow arrowheads) . These results suggest that the ectopic JAK/STAT signaling in GMR-upd discs can up-regulate the Mo25 gene. However, the lack of any clusters of Stat92E binding sites in the Mo25 gene suggests that Stat92E may regulate it indirectly or through the three single Stat92E binding sites present in this gene (not shown).
Lastly, pnt, which encodes an ETS family transcription factor that is directly induced upon activation of the epidermal growth factor receptor, is increased 4.8-fold in the GMR-upd microarray ( Fig. 2R ; Supp. Table S1 ; Klambt, 1993; Gabay et al., 1996) . In wild-type eye discs, pnt mRNA is strongly expressed in groups of cells within the morphogenetic furrow (Fig. 2P) . Consistent with the micro-array results, we observed an increase in pnt expression within cells in the furrow in GMR-upd eye discs (Fig. 2Q) . Furthermore, Target Explorer identified two clusters of Stat92E binding sites in the pnt gene, raising the possibility that Stat92E may directly regulate pnt expression (Supp . Table S2) .
Additionally, we validated 13 genes up-regulated in the GMR-upd micro-array by Q-PCR: w, ken, CG11784, Fps85D, atypical Protein Kinase C (aPKC), PAR-domain protein 1 (pdp1), escargot (esg), terribly reduced optic lobes (trol), Signal recognition particle receptor ␤ (SrpR␤), brain tumor (brat), domino (dom), tep-2, and polychaetoid (pyd; Supp. Table S1 ; Supp. Fig. S2 ). Of these, one gene (tep-2) is highly homologous to a complement-like gene tep-1 that is strongly induced in hop Tum-l animals (Lagueux et al., 2000) . Five others (pdp1, esg, trol, SrpR␤, and pyd) all have one cluster of Stat92E binding sites in putative regulatory regions, raising the possibility that they may be direct Stat92E target genes (Supp. Table S2). Furthermore, deficiencies that removed ken, aPKC, trol, Tep-II, and pyd dominantly modified the GMR-upd enlarged eye phenotype in an F1 modifier genetic screen (Bach et al., 2003) . The c-fes oncogene, a Src-related fps protein tyrosine kinase member and the mammalian Fps85D ortholog, acts downstream of Jak1 in proliferation of B lymphocytes (Jiang et al., 2001 ). The remaining genes have not previously been linked to JAK/STAT pathway signaling. In sum, we successfully vali-dated 19 genes up-regulated in the GMR-upd micro-array by at least one method.
Genes Down-regulated in the GMR-upd Micro-array
A total of 416 genes (71.2%) were downregulated in GMR-upd samples. We previously reported that in the developing eye disc Stat92E represses both wg and pannier (pnr), which encodes a GATA transcription factor (Maurel-Zaffran and Treisman, 2000; Ekas et al., 2006) . Therefore, these genes are predicted to be down-regulated when JAK/ STAT signaling is hyperactivated in the eye disc. As expected, pnr and wg were down-regulated 2.13-and 1.61-fold, respectively, in GMR-upd samples ( Fig.  3C ,F; Supp. Table S1 ). Furthermore, Q-PCR revealed that both transcripts are significantly down-regulated, 4.60-and 2.02-fold, respectively, in GMR-upd samples (Supp. Fig. S3 ). In the eye imaginal epithelium, pnr is normally expressed dorsally in peripodial cells located "above" undifferentiated cells anterior to the furrow (Fig. 3A) . Consistent with previous results, we find that pnr is repressed in dorsal peripodial cells by ectopic expression of Upd ( Fig.  3B ; Ekas et al., 2006) . The area of the pnr expression domain is 98 pixel sq. in control eye discs, but this value is reduced by 30% to 60 pixel sq. in GMRupd eye discs (Fig. 3A,B) . In wild-type eye discs, wg is expressed in cells at the dorsal and ventral poles anterior to the furrow (Fig. 3D) . In GMR-upd discs, wg expression is diminished in these cells anterior (Fig. 3E) . Furthermore, as we previously reported, clones that overexpress Hop, which autonomously activates Stat92E, cause cell-autonomous repression of wg at both the dorsal and ventral poles of the eye disc (Supp. Fig.  4E ,EЈ,EЉ; Ekas et al., 2006) . Thus, the GMR-upd micro-array identified the only two known genes repressed by Stat92E (wg and pnr) as differentially regulated in the GMR-upd samples. This observation strongly suggests that our analysis is likely to detect other targets that are negatively regulated by Stat92E.
We find that several genes (Imp-L2, ds, Ser, and Dl) have significantly reduced expression in GMR-upd eye discs (Fig. 3I ,L,O,R; Supp. Table S1 ). Imp-L2 was decreased 5.08-fold in the GMRupd micro-array and 5-fold by Q-PCR analysis of GMR-upd total RNA ( Fig.  3I ; Supp. Table S1 ; Supp. Fig. S3 ). Imp-L2 encodes a secreted Ig domain protein that can bind to and inhibit insulin function (Osterbur et al., 1988; Garbe et al., 1993; Sloth Andersen et al., 2000) . Imp-L2 transcripts are reduced in GMR-upd discs, most noticeably in undifferentiated cells anterior to the furrow (Fig. 3G,H) . Imp-L2 contains two clusters of Stat92E binding sites, suggesting that it may be a direct target of Stat92E (Supp. Table S2 ). The ds gene encodes an atypical Cadherin and can be autonomously induced in the eye disc by activation of the Wg signaling pathway (Clark et al., 1995; Yang et al., 2002) . As a result, its expression is enriched at the dorsal and ventral poles of the eye disc, where Wg is expressed. Because ds is a target of wg in the eye disc and because wg is autonomously repressed by activated Stat92E, ds expression should decrease in GMR-upd eye discs. Indeed, ds is down-regulated 3.14-fold in the GMR-upd micro-array and 2-fold by Q-PCR analysis ( Fig. 3L ; Supp. Table S1 ; Supp. Fig. S3 ). Furthermore, ds transcripts are reduced in GMR-upd discs, most strongly in cells anterior to the furrow (Fig. 3J,K) . Although we favor the interpretation that ds levels are reduced in GMR-upd eye discs because its inducer (Wg) is reduced, Target Explorer did reveal one cluster of Stat92E binding sites in putative regulatory regions of the ds gene, raising the possibility that it may be regulated by Stat92E (Supp . Table S2) .
Ser and Dl transcripts were decreased 2.98-and 1.86-fold, respectively, in the GMR-upd micro-array ( Fig. 3O,R ; Supp. Table S1 ). In addition, Ser and Dl transcripts were also decreased 1.5-and 3-fold, respectively, by Q-PCR (Supp. Fig. S3 ). To confirm the micro-array values, we used a Ser-lacZ reporter and a Dl-lacZ enhancer trap, which mimic expression of these genes in the eye (Bachmann and Knust, 1998; Spradling et al., 1999; Wang and Struhl, 2004) . In control third-instar eye discs, Ser is expressed at the D-V boundary and along the lateral margin ( Fig. 3M ; Supp. Fig. S4A ; Cho and Choi, 1998; Dominguez and de Celis, 1998; Papayannopoulos et al., 1998) . In thirdinstar GMR-upd eye discs, we find that Ser is significantly reduced in cells located immediately anterior to the furrow ( Fig. 3N, bracket ; Supp. Fig S4B) . In a control third-instar eye disc, Dl is expressed at moderate levels in cells anterior to the furrow, and at high levels in cone cells posterior to the furrow ( Fig.  3P , arrows; Supp. Fig. S5A ; Cho and Choi, 1998; Dominguez and de Celis, 1998; Papayannopoulos et al., 1998) . In contrast, in a third-instar GMR-upd eye disc, Dl expression is significantly reduced in cells anterior to the furrow (Fig. 3Q, arrows) . This suggests that Ser and Dl are negatively regulated by Stat92E. Target Explorer identified two clusters of Stat92E binding sites in putative regulatory regions of Ser, one cluster at ϳ5,000 bp upstream of the start site that resides within the 9.5 kb Ser reporter, and also two clusters of Stat92E binding sites in the Dl gene (Supp . Table S2 ). In addition, a deficiency that removed Ser modified the GMR-upd enlarged-eye phenotype (Bach et al., 2003) . These data raise the possibility that Stat92E may directly negatively regulate these genes.
Additionally, we validated 3 genes down-regulated in the GMR-upd microarray by Q-PCR: mirror (mirr), grampositive specific serine protease (grass), and Angiotensin converting enzyme (Ance) (Supp. Table S1; Supp. Fig. S3 ). Although Target Explorer did not identify clusters of Stat92E binding sites in noncoding regions of these genes, deficiencies that removed grass and Ance modified the GMR-upd enlarged-eye phenotype (Bach et al., 2003) . We favor the model that mirr is repressed in GMR-upd eye discs because levels of its inducer (Wg) are reduced in GMR-upd tissue (Fig. 3E) . Ance family genes have been best studied for their role in D-V patterning of the Drosophila embryo (Stathopoulos and Levine, 2005) . No direct link between Ance and JAK/STAT signaling has as-yet been made, however, both are critical for Drosophila immune function (Agaisse and Perrimon, 2004; Kambris et al., 2006) . In sum, we successfully validated 9 genes downregulated in the GMR-upd micro-array by at least one method.
Ser and Dl Are Ectopically Expressed in Cells Lacking stat92E
To test the hypothesis that Ser and Dl are negatively regulated by JAK/ STAT signaling, we monitored expres-sion of the Ser gene in an upd hypomorphic allele called outstretched (os). Homozygous os flies have small eyes and outstretched wings (Lindsley and Grell, 1968) . In os/ϩ heterozygous control animals, Ser gene expression pattern is identical to wild-type, primarily along the D-V boundary and at the anterior lateral margin (Figs. 4A,AЈ,F, 5A,AЈ, and not shown). In contrast, in os/Y hemizygous animals, the Ser expression domain is significantly expanded (Fig. 4B,BЈ) . We next monitored expression of Ser in clones lacking stat92E. We made large patches of eye tissue that are homozygous mutant for stat92E using ey-FLP and Minute techniques (see the Experimental Procedures section). Minutes are mutations in ribosomal genes that are cell lethal when homozygous and confer an autonomous growth disadvantage when heterozygous (Morata and Ripoll, 1975; Lambertsson, 1998) . In wild-type second-instar eye discs, Ser is expressed in the ventral domain ( Fig in GMR-upd discs, pnr is repressed in dorsal peripodial cells located "above" cells anterior to the MF (B, bracket). The mean area of pnr expression in wild-type eye discs (A) is 98 pixel sq, while in GMR-upd (B) it is reduced to 60 pixels sq. C: pnr is down-regulated 2.13-fold in the GMR-upd micro-array. D,E: wg-lacZ (white) is expressed in cells anterior to the furrow at the lateral margins of the dorsal and ventral poles in control discs (D, bracket); in GMR-upd discs, wg expression is decreased in cells anterior to the MF (E, bracket). F: wg is down-regulated 1.61-fold in the GMR-upd micro-array. G,H: Imp-L2 mRNA, as assessed by in situ hybridization, is down-regulated in cells anterior to the MF in GMR-upd discs (H) as compared to yw controls (G). I: Imp-L2 is decreased 5.08-fold in the GMR-upd micro-array. J,K: ds is expressed in cells at the dorsal and ventral poles in controls discs (J, arrows); its expression at the poles is greatly reduced in GMR-upd discs (K, arrows). L: ds is decreased 3.14-fold in the GMR-upd micro-array. M,N: Ser-lacZ (magenta) is expressed at the D-V boundary and in cells at the anterior edge of control discs (M, bracket); Ser is repressed in cells anterior to the MF in GMR-upd discs (N, bracket). O: Ser is down-regulated 2.98-fold in the GMR-upd micro-array. P,Q: In a wild-type third-instar eye disc, Dl-lacZ (white) is expressed in cells at the anterior margin of the disc and in cone cells posterior to the furrow (P, arrowheads); in GMR-upd discs, Dl is repressed in cells anterior to the MF (Q, arrow). R: Dl is decreased 1.86-fold in the GMR-upd micro-array. The brackets in A,B,D,E,M,N indicate the region in which gene expression is repressed in GMR-upd discs. Gray bar is yw and black bar is GMR-upd (C,F,I,L,O,R). Ser is ectopically expressed in mosaic stat92E clones (arrowheads), except those residing at the dorsal pole. Large stat92E clones generated in a Minute background (labeled stat92E M ϩ ) lack expression of green fluorescent protein (GFP). E,E,E؆: In stat92E M ϩ clones, Ser is ectopically expressed throughout the entire mutant tissue (E, red; EЈ, white), except in GFP ϩ heterozygous cells which contain a wild-type copy of the stat92E gene (E, green; EЈ, arrowheads; and EЉ, white and arrowheads). F: In a wild-type third-instar disc, Ser (red) is expressed in cells at the D-V boundary and at the anterior lateral margin; it is excluded from the distal antenna. G,G: Ser (red) is ectopically expressed in stat92E clones residing in both the dorsal and ventral domains of the eye as well as those in the distal antenna (arrowheads). H,I: Ser (blue) and Dl (red) are ectopically expressed in stat92E clones; Dl is ectopically expressed in stat92E clones residing at the anterior margin of the eye disc (H,HЉ,I,IЈ, arrowheads in eye disc). In wild-type discs, Dl is expressed in ring around A3 (see Supp. Fig S5A) . However, in stat92E clones residing in the distal antenna, Dl expression is altered such that it now appears as a "dot" (HЉ, arrowheads in antennal disc) within the middle of ectopic Ser (HЈ, arrowheads in antennal disc). Single channel for Ser (AЈ-EЈ,GЈ,HЈ). Single channel for Dl (HЉ,IЉ). Phalloidin is green in A. Dlg is blue in C,D,F. Ser-LacZ was detected by anti-␤-gal. stat92E 397 clones lack GFP in D,E,G-I. 6 . Notch signaling is ectopically activated when JAK/STAT activity is reduced. A: eyg-lacZ (white) is expressed at the D-V midline in a wild-type (WT) late second-instar eye disc. B: eyg-LacZ (red) is ectopically expressed within a stat92E mosaic clone at the dorsal pole of the a second-instar eye disc (B,BЈ, arrowhead). C: In WT third-instar, eyg-lacZ (white) is expressed at the anterior margin of the eye disc and in the distal antenna. D: hop-expressing clones (green) cause repression of eyg-lacZ in a cell-autonomous manner (DЈ, arrowheads and bracket). E: The m-␤ reporter is normally expressed at the D-V boundary in a WT second-instar eye disc. F: However, in a second-instar disc containing large stat92E M ϩ clones, this reporter is ectopically expressed throughout the dorsal eye disc (bracket), precisely in the region where Ser is ectopically expressed (see Fig. 4E ). G: In a WT third-instar eye disc, the m-␤ reporter is normally expressed at the D-V boundary and at the anterior margin. H: However, in a third-instar disc containing large stat92E M ϩ clones, a circular, independent growth domain is observed in the dorsal eye that contains high levels of m-␤ reporter activity (arrowhead). . m-␤ was detected by X-gal staining. Dominguez and de Celis, 1998; Papayannopoulos et al., 1998 ). In contrast, in a second-instar eye disc containing large stat92E clones in a Minute background (labeled stat92E M ϩ ), Ser is ectopically expressed at higher intensity and throughout the stat92E M ϩ clones (Fig. 4E,EЈ) , except in heterozygous tissue which contains one wild-type copy of the stat92E gene (Fig. 4EЉ, arrowheads) . A similar observation was made in older discs containing stat92E M ϩ clones (n ϭ 22 second or third-instar discs with stat92E M ϩ clones examined). We also examined Ser expression in mosaic stat92E clones generated by ey-flp in a non-Minute background (n ϭ 39 discs). We scored for ectopic Ser in stat92E clones residing outside of the endogenous Ser expression domain at second or third instar. We found that Ser is ectopically expressed in at least one stat92E clone per disc in the dorsal domain in second-instar eye discs or in the dorsal and/or ventral domain in third-instar eye discs (Fig. 4D,DЈG ,GЈ,H,HЈ, arrowheads; n ϭ 91 stat92E clones in 39 discs with ectopic Ser in the eye field). We observed a similar but weaker effect of loss of stat92E on Dl. When large stat92E clones are induced, Dl protein is ectopically expressed at high levels anterior to the furrow, but its expression in cone cells posterior to the furrow remains unchanged (n ϭ 40 discs examined; Supp. Fig.  S5A,B) . In mosaic stat92E clones, Dl protein expression is autonomously increased, with this effect being most pronounced in clones located at the anterior margin of the eye disc (Fig. 4I,IЈ, arrowheads) . Moreover, Ser and Dl are always ectopically expressed within the same stat92E clone when that clone resides within the distal antenna. In wild-type antennal discs, Stat92E is activated in the distal antenna , Ser is not expressed in this region, and Dl is expressed in a ring around it (Fig. 4 ,HЈ,HЉ; Supp. Fig. S4F ; Supp. Fig. S5A ). Ser is ectopically expressed in at least one stat92E clone per disc in the distal antenna (Fig. 4G ,GЈ,H,HЈ, arrowheads; n ϭ 34 stat92E clones in 39 discs with ectopic Ser in the antennal field). Within these clones, Dl expression becomes concentrated into dots in the center of the clone where Ser is ectopically expressed (n ϭ 8 clones in 8 discs with both the Ser gene and Dl protein ectopically expressed in the same stat92E clone residing in the distal antenna; Fig.  4HЈ,HЉ, arrowheads) . We also observed that many stat92E clones did not contain ectopic Ser or Dl. These data suggest that the timing and/or spatial location of stat92E clones is key in determining whether Notch ligands are ectopically expressed.
Ser and Dl Are Repressed Cell-Autonomously by JAK/ STAT Pathway Activity
To test the prediction that Ser is repressed by JAK/STAT signaling, we examined Ser gene expression in cells that had hyper-activated Stat92E. We generated clones of cells that mis-expressed the ligand Upd, which activate Stat92E non-cell-autonomously. In 7/7 discs, we found that large updexpressing clones strongly repressed endogenous Ser expression at the anterior margin of the eye disc (compare Fig. 5B ,BЈ, bracket, with Fig. 5A,AЈ) . We also hyper-activated the JAK/ STAT pathway by inducing clones that mis-express Hop. Indeed, in 11/12 discs examined, we found Hopexpressing clones repressed Ser in a cell-autonomous manner at the D-V boundary or the anterior margin of the eye disc, or in the proximal antenna (compare Fig. 5A ,AЈ,D,DЈ with Fig. 5C ,CЈ,E,EЈ, arrowheads). The fact that low levels of Ser-lacZ are still detectable in some hop-expressing clones is likely due to perdurance of the ␤-gal protein. Taken together, these data indicate that activation of the JAK/STAT pathway represses Ser cell-autonomously. We also addressed if activation of Stat92E could repress the Dl gene. In 1/5 discs examined, we found Hop-expressing clones could repress a Dl enhancer trap at the anterior margin of the eye disc (Fig.  5F ,FЈ,G.GЈ) but not in other regions of this disc. These data suggest that Stat92E activity more strongly impacts the expression of Ser than of Dl. Moreover, when taken together with the loss-of-function experiments, these data suggest that Stat92E represses Ser, possibly directly or by means of an intermediate (see the Discussion section), and that once Ser is ectopically expressed in the dorsal domain of the eye disc, the expression of Dl is subsequently increased. Our results are consistent with previous reports that Ser and Dl up-regulate each other's expression when Notch signaling is activated at growth organizers in imaginal discs (Panin et al., 1997) . In sum, our data indicate that JAK/ STAT pathway activity represses Dl less potently than it does Ser, and they strongly suggest that Ser (and not Dl) is the relevant target of Stat92E.
Stat92E Represses Notch Activity
To examine the functional consequence of Stat92E-mediated repression of Ser, we monitored Notch pathway activity in eye discs that contained mosaic stat92E clones using two Notch targets that faithfully mirror Notch activity in the eye disc: eyg and Enhancer of split m-␤ (m-␤; Cooper et al., 2000; Dominguez et al., 2004) . In wild-type second-instar eye discs, eyg is expressed at the D-V boundary of the developing eye (Fig.  6A) . We found in 8/22 discs that eyg is ectopically expressed in a cell-autonomous manner in mosaic stat92E clones in the dorsal eye (Fig. 6B,BЈ,  arrowheads) . Moreover, in 8/10 discs hyperactivation of Stat92E results in repression of eyg within Hop-expressing clones (Fig. 6D ,DЈ, arrowheads and bracket). This repression of eyg by activated Stat92E occurs at the D-V boundary and at the anterior margin of the eye disc, as well as in the antennal disc. We observe similar results for the m-␤ reporter. In control second-instar eye discs, this reporter is expressed at the D-V midline anterior to the furrow, while in third instar, it is expressed at both the D-V boundary and the anterior margin ( Fig. 6E,G ; Cooper et al., 2000) . As expected, in 45/45 eye discs with stat92E M ϩ clones, m-␤ expression shifts dorsally (Fig. 6F) , precisely where ectopic Ser is also observed (Fig. 4E) . Pronounced "blebbing" is also seen, which may be a result of increased growth in the dorsal domain of stat92E mutant eye discs (Fig. 6F,  bracket) . Later in third instar, inde-pendent circular growth organizers with high levels of Notch activity are observed only in the dorsal domain in stat92E M ϩ mutant discs, presumably as a result of aberrant Notch activation there (Fig. 6H, arrowhead) . This is never observed in control discs (Fig.  6G ). We were able to rule out abnormal expression of fng as a cause of the ectopic Notch signaling observed in stat92E M ϩ discs. Consistent with published reports, in 5/5 second-instar control eye discs, we found that fng mRNA is expressed in the ventral domain (Supp. Fig. S5C , bracket; Cho and Choi, 1998; Dominguez and de Celis, 1998; Papayannopoulos et al., 1998) . Moreover, in 5/5 second-instar stat92E M ϩ eye discs, fng expression remains confined to the ventral domain (Supp. Fig. S5D, bracket) . Furthermore, fng expression is not altered in third-instar GMR-upd discs as compared to controls (Supp. Fig.  S5E,F) . Taken together, these data strongly suggest that JAK/STAT signaling normally acts to restrict Ser. In the absence of stat92E in the dorsal domain of the eye, Ser is ectopically expressed there, and this leads to the induction of growth-regulatory Notch target genes like eyg, and formation of ectopic growth organizing centers and overgrowth of the dorsal eye. Thus, in wild-type discs, Notch induces expression of the upd gene in cells at the posterior margin of the eye, but Upd acts at a distance to activate Stat92E, which represses the expression of Ser and, as a result, limits the extent of Notch pathway activity (Fig. 6I,J) .
DISCUSSION
The JAK/STAT pathway plays important roles in conserved processes, including growth and patterning during development. However, the transcriptional targets of this signaling system are largely unknown. We have combined three powerful techniques, whole-genome expression profiling, Drosophila genetics, and whole-genome bio-informatics screening, to identify new targets of the JAK/STAT pathway. Our study identified 584 genes with significantly altered expression in GMR-upd eye discs, in which the JAK/STAT pathway is hyperactivated, as compared to controls. Of these genes, 79 were also found to have a least one cluster of Stat92E binding sites, raising the possibility that they may be direct Stat92E targets. Of the 584 differentially regulated genes, 168 (28.8%) genes were up-regulated while 416 (71.2%) were down-regulated. The fact that we identified the known target genes socs36E, dome, and wg as being differentially regulated in GMR-upd tissue indicates that our micro-array can be data-mined as a source for additional Stat92E target genes.
Up-regulated Genes
We were able to validate a total of 19 up-regulated genes in the GMR-upd micro-array. Five (dome, socs36E, chinmo, lama, and Mo25) were validated both in vitro by Q-PCR and in vivo by mRNA analysis ( Fig. 2 ; Supp. Table S1 ; Supp. Fig. S2 ), while one (pnt) was validated only in vivo by in situ hybridization (Fig. 2) . Thirteen additional genes (w, ken, CG11784, Fps85D, aPKC, pdp1, esg, trol, SrpR␤, brat, dom, tep-2, and pyd) were also validated by Q-PCR as significantly up-regulated in GMR-upd discs (Supp. Fig. S2 ). chinmo and lama are not expressed in control third-instar eye discs, while Mo25 and pnt are expressed in cells in the morphogenetic furrow. However, when the JAK/ STAT pathway is hyperactivated in GMR-upd discs, all four genes are upregulated in undifferentiated cells anterior to the furrow. The fact that lama expression is strongly increased only in anterior cells at the poles of the eye disc suggests that not all undifferentiated cells may be competent to express lama following reception of the Upd signal.
chinmo has one cluster of Stat92E binding sites, suggesting that it may be a direct Stat92E target. We previously reported that Stat92E transcriptional activity is highest in first and second-instar wild-type eye discs (Ekas et al., 2006; Bach et al., 2007) . Consistent with these results, chinmo is expressed in early eye development, and may be a target of the Pax 6 homolog Eyeless (Ostrin et al., 2006) . Moreover, Stat92E may be able to promote chinmo expression in other Drosophila tissues, because it was identified as a differentially regulated gene in a micro-array screen for JAK/STAT target genes in the adult testis (Terry et al., 2006 ). Because we did not validate chinmo expression in vivo in the testis, the ability of Stat92E to induce this gene in other tissues remains unclear. chinmo was identified in 2006 as a gene required for the temporal identity of early-born neurons in the Drosophila mushroom body (Zhu et al., 2006) . However, these authors did not report what signals control chinmo expression in this tissue. To the best of our knowledge, we are the first to identify a factor (i.e., Stat92E) that can lead to up-regulation of the chinmo gene. In the future, it will be critical to determine if activated Stat92E also controls chinmo expression in developing neurons, as a role for the JAK/STAT pathway in temporal neuronal identity has as-yet not been reported.
lama encodes a conserved Phospholipase B protein that is expressed in neural and glial precursors before differentiation (Perez and Steller, 1996) . lama has two clusters of Stat92E binding sites, suggesting that it may be a direct Stat92E target. In support of this hypothesis, lama, like maximal Stat92E transcriptional activity, is strongly detected in young (second-instar) eye discs (Klebes et al., 2005) . In addition, both upd and lama transcripts are significantly up-regulated during "trans-determination," a process during which certain Drosophila imaginal disc cells switch fates (or trans-determine; Klebes et al., 2005) . These results suggest that upd and lama are expressed in pluripotent imaginal cells that exhibit developmental plasticity. Although the epistasis between these genes was not established by Klebes and colleagues, our results indicate that JAK/STAT signaling can positively regulate transcription of the lama gene.
JAK/STAT Signaling Functions to Reduce Notch Activity by Repressing Ser
We showed that the Notch ligands Ser and Dl are significantly down-regulated in GMR-upd discs. Furthermore, we were able to validate this observation by demonstrating the reduced expression of these genes in situ in GMR-upd eye discs. Clonal analysis indicated that Ser and Dl are ectopically expressed in cells lacking stat92E, which suggests that Stat92E either directly or indirectly represses these genes. However, the effect of Stat92E on Ser is more pronounced than it is on Dl. Ser is frequently ectopically expressed in stat92E clones in the dorsal, ventral, and anterior portions of the eye disc, as well as in the distal antenna. In contrast, Dl protein is ectopically expressed only in stat92E clones located at the anterior margin of the eye disc or in the distal antenna and only in clones that also have ectopic Ser. These data suggest that Stat92E may in fact negatively regulate Ser, and once Ser is de-repressed, Dl levels are up-regulated in these stat92E clones as a result of increased Ser. This model is supported by the observation that Ser is routinely repressed in a cell-autonomous manner by hyperactivation of the JAK/STAT pathway while Dl is not, and is consistent with a published report that Ser and Dl up-regulate each other's expression as a result of Notch pathway activation (Panin et al., 1997) . In this study, we used a SerlacZ reporter gene in which the 9.5 kilobase (kb) of genomic DNA located immediately upstream of the start site drives expression of ␤-galactosidase (Bachmann and Knust, 1998) . This fragment contains one cluster of Stat92E binding sites, which raises the possibility that Stat92E directly represses Ser (see below for a more detailed discussion of STAT proteins as repressors).
We then showed the functional consequence of loss of JAK/STAT pathway activity on Notch signaling. Ectopic Notch activity (as assessed by eyg and m-␤) is only observed in dorsal stat92E M ϩ clones, precisely where high levels of ectopic Ser are also observed. Additionally, independent, circular growth organizing domains that have high levels of Notch activity are only observed in the dorsal eye. fng expression is not altered in secondinstar eye discs containing large stat92E clones, indicating that aberrant expression of this critical regulator of Notch pathway activation is not the reason for excessive growth in large dorsally located stat92E clones. Rather de-repression of Ser and subsequent induction of Dl in these clones causes ectopic growth organizing centers in the dorsal eye.
Our study is the first to uncover the negative regulation of Notch signaling by the JAK/STAT pathway. As mentioned in the introduction, the activity of Wg and Hh induce Iro-C genes in the dorsal half of the eye. Iro-C proteins repress fng to the ventral domain, thus established a fngϩ/fngϪ interface, where Notch receptor activation occurs (Cho and Choi, 1998; Dominguez and de Celis, 1998; Cavodeassi et al., 1999; Yang et al., 1999) . The ability of Fng to promote Dl-dependent activation of Notch, while inhibiting Ser-dependent activation, leads to Notch signaling at the D-V boundary and induction of the eyg gene there. Notch autonomously regulates expression of the upd gene, presumably by means of Eyg (although Eyg regulation of upd has not as-yet been shown to be autonomous). However, Notch regulates growth of the entire eye disc through both upd-dependent and -independent mechanisms (Chao et al., 2004; Dominguez et al., 2004; Reynolds-Kenneally and Mlodzik, 2005) . Our study extends these previous observations by showing that loss of JAK/STAT pathway activity leads to ectopic expression of Ser. In wild-type animals, Upd protein is produced by cells at the anterior margin of the eye disc, but it acts as a long-range mitogen and activates Stat92E in most cells in a second-instar eye disc (Bach et al., 2003 Tsai and Sun, 2004; Ekas et al., 2006; Tsai et al., 2007) . When Stat92E activity is lacking from cells in the dorsal eye disc, Ser is strongly ectopically expressed there. Because Fng inhibits Ser's ability to activate Notch and because Fng is excluded from the dorsal domain of the eye, ectopic expression of Ser in dorsal stat92E clones leads to inappropriate activation of the Notch pathway there. This results in excessive growth within independent growth-organizing domains in the dorsal eye (Fig.  6H) . Thus, our findings indicate for the first time that there is a negative feedback loop between the Notch and JAK/ STAT pathways (Fig. 6I,J) .
Other Down-regulated Genes in the GMR-upd Micro-array
The Imp-L2 gene is also significantly down-regulated by JAK/STAT signaling. Imp-L2 was originally reported to be a secreted immunoglobulin family member implicated in neural and ectodermal development in Drosophila (Osterbur et al., 1988; Garbe et al., 1993) . Biochemical analysis in insect cells indicates that Imp-L2 can bind to human insulin and inhibit it from binding the insulin receptor (InR) (Sloth Andersen et al., 2000) . The InR pathway in Drosophila, as well as in other species, is a key positive growth regulator (Brogiolo et al., 2001 ). This suggests that Imp-L2 may function to negatively regulate insulin action and hence growth in Drosophila. The fact that this gene is decreased in the GMR-upd micro-array suggests that JAK/STAT signaling may repress it either directly or indirectly to promote growth in the eye disc. We attempted to test this hypothesis by monitoring in control and GMR-upd third-instar eye discs Akt phosphorylated on Ser505 using an antibody from Cell Signaling as a read-out of InR pathway activation. However, this antibody does not work well for immmunofluorescence, and we were unable to draw any conclusions from these experiments. Thus, the model that JAK/ STAT signaling represses a negative regulator of the InR pathway to promote growth in the eye disc remains to be tested.
Potential Explanations for Why so Many Transcripts in the GMR-upd Micro-array Are Down-regulated
Stat92E may directly down-regulate gene expression. Although it is not currently known if Stat92E functions as a transcriptional repressor as well as an activator, the dual property of being able to either induce or arrest gene transcription has been observed for other transcription factors, including the Drosophila proteins Orthodenticle, Dorsal and Hunchback (Schulz and Tautz, 1994; Stathopoulos and Levine, 2002; Cook et al., 2003) . Despite the fact that most published reports suggest that mammalian STATs and Stat92E can robustly activate gene transcription, there is precedence for STAT proteins as repressors: the Dictyostelium Dd-STATa protein acts as a repressor by binding to an element in the regulatory region of the ecmA gene (Kawata et al., 1996; Mohanty et al., 1999) . This STAT-mediated repression is required for the commitment to stalk cell differentiation and chemotaxis in this organism. Moreover, we and others found that Stat92E can repress transcription of the wg gene in multiple Drosophila tissues (Ekas et al., 2006; Ayala-Camargo et al., 2007; Tsai et al., 2007) . In the developing eye, we were able to narrow the Stat92E-responsive element to a small 263-bp enhancer wg2.11Z (Ekas et al., 2006; Pereira et al., 2006) . The lack of well-characterized Stat92E binding sites in this enhancer led to the hypothesis that Stat92E represses wg indirectly through another protein (Ekas et al., 2006) . The model that Stat92E can directly repress the wg gene through the wg2.11Z enhancer has as-yet not been directly tested, but this will be important to do in future experiments to determine if Stat92E can act as a repressor. This information will also help to clarify whether the large number of down-regulated genes in the GMR-upd micro-array is due to Stat92E's repressive action directly on chromatin.
It is possible that Stat92E acts to repress transcription through induction of one or more target genes that encode transcriptional repressors. One potential candidate is chinmo, which encodes a novel protein with one N-terminal BTB/POZ domain and two C-terminal C 2 H 2 Zinc (Zn) fingers, that is localized to the nucleus in mushroom body neuroblasts (Zhu et al., 2006; Maurange et al., 2008) . However, the molecular function of Chinmo is currently unknown. The presence of the Zn finger domains suggests that it may be bind DNA, as many nuclear hormone receptors possess only two Zn fingers and yet bind DNA (Freedman et al., 1988; Luisi et al., 1991) . The BTB/POZ domain in Chinmo suggests that it may function to down-regulate expression of specific, asyet unidentified target genes by recruiting HDACs and/or Polycomb proteins to chromatin, as has been shown for the mammalian BTB/POZ, Zn finger proteins Bcl-6 and PLZF (Deweindt et al., 1995; Huynh and Bardwell, 1998; Melnick et al., 2002 (Singh and Choi, 2003); FM7 ubi-gfp(FM7-gfp) . We used the Enhancer of split m-␤ (E(spl)m␤-lacZ) transgenic line (Cooper et al., 2000) . We also used GMR-upd⌬3Ј #19 (referred to as GMRupd; Bach et al., 2003) and 10xSTAT92E-GFP . We generated a dome-Gal4, UAS-lacZ (domeϾlacZ) recombinant line (dome-Gal4 was originally described in Ghiglione et al., 2002) . We also generated a recombinant chromosome FRT 82B stat92E 397 Ser-lacZ II-9.5, which contains a stat92E allele that is a strong hypomorph and likely acts as an activity null allele (Ekas et al., in preparation) and a Ser gene reporter containing a 9.5 kb region of the Ser gene immediate 5Ј of the start site (Bachmann and Knust, 1998) . The "patchy" appearance of Ser-lacZ in stat92E clones is due to the fact that stat92E clones have 2 copies of the reporter, whereas the sister clones or twin spots have none. We also generated a recombinant chromosome eyg-lacZ FRT 82B stat92E 85C9 that contains a stat92E allele that behaves as an activity null (Ekas et al., in preparation) and eyg M3-12 that behaves as an eyg enhancer trap (Jun et al., 1998; Jang et al., 2003) .
Clonal Analysis
Clones were generated by ey-FLP using the FLP/FRT technique (Xu and Rubin, 1993; Newsome et al., 2000) . Because ey-FLP can induce clones in the eye-antennal disc primordium before its segregation into eye and antennal fields, it can induce clones in both the eye and antennal disc. stat92E clones were generated using FRT 82B ubi GFP(S65T) (Ito et al., 1997) . Flip-out clones express both Upd or Hop and green fluorescent protein (GFP).
Timed Collections
yw or GMR-upd/(FM7-gfp) flies were grown in vials at 25°C. For timed collections, we allowed the flies to lay eggs for 2 hours. The embryos were maintained at 25°C until 110 hr after egg deposition (AED), which corresponds to mid-third instar. At this time, we isolated GFP-negative larvae, which represent GMR-upd/Y animals. One of the pair of eye discs in a single larva was taken for RNA isolation (see below). The other was fixed in 50% glutaraldehyde, mounted on a microscope slide and visually inspected by brightfield microscopy for the morphogenetic furrow having progressed approximately half-way across the eye disc.
RNA Isolation
For each micro-array, total RNA was extracted from a single mid-third-instar larval eye disc using the Arcturus Isolation kit (PicoPure RNA Isolation Kit). The RNA quality and quantity was assessed using the Agilent 2100 Bioanalyzer and Nanodrop ND-1000, and subsequently amplified using the Arcturus Amplification kit (RiboAmp RNA Amplification Kit). Labeled antisense RNA (aRNA) was synthesized from the resulting cDNA using the ENZO BioArray High Yield RNA Transcript Labeling Kit. After isolation and amplification, the aRNA was again assayed by the Agilent 2100 Bioanalyzer and Nanodrop ND-1000.
Micro-array Data Acquisition and Analysis
Equal amounts (9 g) of amplified control and GMR-upd aRNA were separately hybridized onto the GeneChip R Drosophila Genome 2.0 Arrays (Affymetrix). The chip processing and image acquisition were obtained fol-lowing the recommendations of the array manufacturer. The raw data were normalized using Model Based Expression Index (MBEI; Li and Wong, 2001 ) and further filtered using GeneSpring 7.2 (Agilent). To identify the differentially abundant mRNAs between the two groups, the preprocessed data were rigorously statistically filtered by t-test (P Ͻ 0.05, alpha correction) and also by Significance Analysis of Micro-array (SAM) at False Discovery Rate (FDR) set to 10% (see Supp. Table S1 ; Tusher et al., 2001) . Gene Ontology (KEGG pathways) of the resulting gene lists were performed using a Web-based tool DAVID bioinformatics resources (Huang da et al., 2009) . Primary data from this study has been deposited at NCBI GEO database (under GSE15868).
Q-PCR
We performed Q-PCR for validation of potential candidate genes using the SYBR Green PCR Mix (Applied Biosystems) protocol and a real-time PCR machine (ABI 7900HT) from Applied Biosystems. We isolated and amplified the RNA using the same kits and protocols as the ones used for the micro-array. We measured the cDNA concentration using a Nanodrop ND-1000. We used 3 ng of cDNA per sample per reaction, 5 M of each primer, and 1ϫ SYBR. We did triplicates per primer per sample. We used seven different reference genes: CG1091, CG7424, CG15693, CG2093, CG10728, CG33054, RPL31 using the primer sequences as described (Livak and Schmittgen, 2001 
Riboprobe Synthesis
RNA probes were designed against the contiguous cDNA sequence of differentially expressed genes. We used either PCR products from genomic data or transcription reactions of cDNA clones from Drosophila Genomics Resource Center (DGRC). The DGRC probes were synthesized using 1-5 g of linearized plasmid in a 20-l transcription reaction mix. We used a digoxigenin (DIG)-labeling kit per the manufacturer's instructions (Roche). The resulting labeled riboprobes were ethanol precipitated and re-suspended in 100 l of HB4.
In Situ Hybridization
Mid-third-instar eye discs were dissected in cold phosphate buffered saline (PBS) and fixed in 8% paraformaldehyde on ice for 1 hr. They were subsequently washed three times in PBS-T (PBS 0.1% Tween 20) for 10 min and prehybridized for 1 hr at 65°C in hybridization buffer (HB4) that contains 50% formamide, 5ϫ standard saline citrate (SSC), 2 mg/l heparin, 0.1% Tween-20, 500 mg of Tortula Yeast RNA extract, and 0.1 mg/ml herring sperm DNA. After prehybridization, the discs were hybridized overnight in 100 l of HB4 and 1 l of the riboprobe that had already been denatured at 80°C for 10 min in HB4 and then put on ice. After hybridization, the discs were washed two times for 25 min in a buffer containing 50% formamide, 50% 2ϫ SSC with 0.1% Tween-20. They were rinsed in PBS-T at room temperature three times for 10 min. Subsequently, they were incubated for 2 hr with anti-DIG (Roche; diluted 1:2,000) and then washed three times for 10 min in PBS-T. After this, they were rinsed once and washed for 5 min in alkaline phosphate buffer pH 9.5 containing 0.1 M NaCl, 0.05 M MgCl 2 , 0.1 M Tris (pH 9.5) and 0.1% Tween-20. The reaction was developed by adding 40 l of NBT/BCIP stock solution to 2 ml of PBS.
Antibody Staining
Antibody and X-gal stainings were performed as described in (Ekas et al., 2006) . We used the following primary antibodies: rat anti-Elav (1: 50), mouse anti-␤-galactosidase (1: 50), mouse anti-Discs large (Dlg; 1:50), mouse anti-Delta (Dl) mAb C594.9B (Qi et al., 1999; 1:50;  all from the Developmental Studies Hybridoma Bank), and rabbit anti-␤-galactosidase (Cappel; 1:100). We used fluorescent secondary antibodies at 1:250 (Jackson Laboratories). We collected fluorescent images (at ϫ25 magnification) using a Zeiss LSM 510 confocal microscope and scanning electron micrographs (at ϫ100) using a Leo SEM (Zeiss) (Harvard School of Public Health).
Bioinformatics Search for Stat92E Binding Sites
We searched the entire noncoding region of the Drosophila melanogaster genome for two Stat92E binding sites located within 100 base pairs (bp) of each other. For this analysis, we used Target Explorer, which was designed for the Drosophila genome (Sosinsky et al., 2003) . This platform generated a matrix using Stat92E binding sites uploaded by the user. We used known Stat92E binding sites from eve stripe 3 enhancer (Yan et al., 1996) , as well as putative Stat92E binding sites found in intron 1 of the socs36E gene (Karsten et al., 2002; Baeg et al., 2005; Bach et al., 2007) . We searched for two Stat92E binding sites matching the matrix (using a cutoff score 6.5) that were located within 100 bp of each other, because work in mammalian systems has shown that two STAT sites located within this distance is sufficient to impart stronger transcriptional regulation (Xu et al., 1996) . We then searched for genes with one, two or three pairs of Stat92E binding sites. This platform identified the three clusters of Stat92E binding sites in socs36E intron 1, indicating that it can accurately identify known Stat92E target genes. Taken together, we identified 1,463 genes that contained at least one pair (or cluster) of Stat92E binding sites within 100 bp of each other (see Fig. 1G ; Supp. Table  S2 ).
